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Delineation of Fast Flow Paths in Porous Media Using Noble Gas 
Tracers 

By G. Bryant Hudson and Jean E. Moran 

Analytical and Nuclear Chemistry Division, Lawrence Livennore National Laboratory, 
Livermore, CA 9455 1, USA 

ABSTRACT 

Isotopically enriched xenon isotopes are ideal for tracking the flow of relatively 
large volumes of groundwater. Dissolved noble gas tracers behave conservatively in the 
saturated zone, pose no health risk to drinking water supplies, and can be used with a 
large dynamic range. Different Xe isotopes can be used simultaneously at multiple 
recharge sources in a single experiment. Results from a tracer experiment at a California 
water district suggests that a small fraction of tracer moved from the recharge ponds 
through the thick, unconfined, coarse-grained alluvial aquifer to high capacity production 
wells at a horizontal velocity of 6 &day. In contrast, mean water residence times 
indicate that the average rate of transport is 0.5 to 1 &day. 

INTRODUCTION 

In some areas of the arid western USA, water purveyors use artificial recharge to 
augment natural recharge to groundwater basins where water demand is high. In coastal 
regions of California, USA, artificial recharge replenishes basins that were subject to 
overdraft, mitigates seawater intrusion, and provides benefits to water quality. Artificial 
recharge facilities may consist of abandoned quarries or injection wells, with 
downgradient production wells that are used for public water supply. Source water for 
artificial recharge may be water captured from the watershed, imported water, or recycled 
wastewater. For the latter case, the proposed regulations in California for the potability 
of water of wastewater origin stipulate a minimum subsurface residence time of six 
months to one year and dilution of 250% with a non-wastewater source (Asano, 1993). 

In order to demonstrate compliance to the proposed regulations, and to improve 
the understanding of groundwater flow in the affected basins, a tracer may be added to 
the artificial recharge source water. Movement of the tracer is then monitored at 
downgradient points in the groundwater basin. In practice, the period of observation is 
on the time scale of several months to a couple of years; shorter than for natural or bomb 
pulse isotopic tracers such as 3H or 14C. The data acquired from such a tracer experiment 
can be used to calibrate groundwater flow models and to identify fast flow paths. 
Delineation of fast flow paths is important, because the portion of water that travels most 
quickly from surface sources to production wells may have the greatest impact on water 
quality. The tracer data are particularly useful when used in combination with 
groundwater age dating, which gives a measure of the mean, integrated transport time. In 
particular, the tritium-helium method of groundwater dating is useful for subsurface 



residence times of one to fifty years. The tracer data then allow m.ore detailed 
interpretation of the transport of groundwater on a one to two year time scale. 

BACKGROUND AND METHODS 

Water District Facilities 

The Alameda County Water District (ACWD), in the East San Francisco Bay area 
of northern California artificially recharges 2 . 5 ~ 1 0 ’ ~  L of water per year. Recharge 
facilities consist of several abandoned quarries ranging in volume from 1 .2x108 L to 
3 . 3 ~ 1 0 ~  L, and of temporary reservoirs impounded behind inflatable rubber dams, in a 
creek channel that is adjacent to recharge ponds (Figure 1). 

Between periods of alluvial deposition, sea levels in San Francisco Bay rose and fine- 
grained sediment settled out to form aquicludes, separating the sands and gravels into 
distinct aquifer layers. The Hayward Fault, part of the San Andreas system, runs in a 
general north-south direction in the area, and hydraulically divides the groundwater basin 
into two sub-basins: the “Above Hayward Fault” (AHF) and “Below Hayward Fault” 
(BHF) sub-basins on the east and west side of the Hayward Fault, respectively (Figure 2). 
Also shown in Figure 2 are Tritium-helium groundwater ages (Schlosser et al., 1988, 
Solomon et al., 1992, Ekwurzel et al., 1994) determined as part of this study, which give 
a measure of the mean residence time since recharge of the water drawn from those wells. 

AHF sub-basin is effectively contained by no-flow boundaries. The aquifer is 
unconfined throughout the study area, and no major changes in lithology have been 
observed during drilling of wells. The BHF sub-basin comprises three major regional 
aquifers, which are separated from each other by the aforementioned clay aquicludes 
(Figure 2). The aquifers include the shallow Newark Aquifer, the Centerville-Fremont 
Aquifer and the Deep Aquifer. Throughout the basin, the Centerville-Fremont and Deep 
Aquifers are confined. The Newark Aquifer is unconfined near the recharge area and the 
production wellfield but is confined in other areas. All three major aquifers in the BHF 
sub-basin are hydraulically bounded to the east by the Hayward Fault. 

The water district operates 17 high volume production wells that are situated 
between 370 and 760 m from the recharge ponds (Figure 1). Production wells in the 
AHF sub-basin produced 1 .85x1010 L of water over the study period, and provide the 
main sink for water in the sub-basin. BHF wells produced 1.2xlO’OL of water, with flow 
toward distal parts of the basin and up into creeks providing other sinks for water in the 
sub-basin. In contrast to two well documented tracer studies conducted at the Borden and 
Cape Cod aquifers (McKay et al., 1986; LeBlanc et al., 1991), which used several 
hundred multi-port wells installed for the purpose of the studies, this experiment used 
only existing infrastructure. Approximately 40% of all of the water delivered to 
customers in the area is groundwater. Major issues that are related to artificial recharge 
are the potential for contamination from spills into the creek that supplies the recharge 
ponds, changes to water quality during recharge and subsurface flow, and compliance 
with potential regulations related to the use of recycled wastewater. 

The groundwater basin comprises alluvial deposits of the Quaternary period. 

With the Hayward Fault to the west, and hills to the north, south, and east, the 



Experimental 

In the experiment described here, artificial noble gas tracers were added to three 
of the recharge ponds, shown in Figure 1, and movement of the tracer was monitored in 
the groundwater wells shown, over a period of one year. The fact that multiple surface 
water sources supply public drinking water wells dictated the choice of tracers. 
Dissolved noble gases are chemically inert, colorless and odorless, and are non- 
radioactive, thereby posing no real or perceived health risks. By using tracers of the 
same element enriched in different isotopes, recharge from multiple sources can be 
examined using a single noble gas isotopic analysis from a well water sample. 
Furthermore, the low natural abundance of certain isotopes of natural1 y-occurring 
dissolved noble gases means that by using even a small volume of tracer with a highly 
altered isotopic content, a large dynamic range can be achieved during dilution with 
native groundwater. Dissolved noble gases do not sorb to aquifer materials and are not 
retarded relative to water flow. The only difference in saturated zone transport properties 
between water molecules and dissolved noble gases is diffusion, but this is a negligibly 
small effect under the conditions that apply. 

Xenon has nine stable isotopes, five of which are good candidates for isotopically 
enriched tracers. Figure 3 shows the natural abundance pattern for Xe, along with the 
isotopic composition of two of the tracers used in this study. Isotopically enriched noble 
gases are available commercially. Tracer gas is pre-dissolved into a small volume (a few 
liters) of water for introduction into the recharge water body. 

Dissolved lZ4Xe tracer was loaded into Bunting Pond and '36Xe tracer was loaded 
into Kaiser Pond (Figure 1 and Figure 4). Tracer was released by gravity flow through a 
plastic tube, in one location near the center of the pond, at a depth of 6 m (Bunting Pond) 
and 7.5 m (Kaiser Pond). The process of tracer introduction was repeated once per week 
for four weeks. The rationale for introducing tracer over a period of four weeks was to 
provide a tracer pulse in wells such that sampling could be spaced at reasonable time 
intervals. 

Sampling for dissolved noble gases in water is accomplished by pumping the 
water through a 3/8" copper tube under pressure (so that the gases stay in solution), and 
pinching the tube at both ends with metal clamps, to make an air-tight seal (e.g., Sanford 
et al., 1996). Analysis of the dissolved tracer gases is by noble gas mass spectrometry 
with sample introduction by multi-port gas handling manifold. The precision for 
124Xe/'32Xe is 0.7% and the precision for 136Xe/'32Xe is 0.1%. For the tracer volume 
loaded in this experiment, detection of 1% of the surface water of maximum tracer 
concentration (C/CO=l%) was possible. 

RESULTS AND DISCUSSION 

Tracer in Surface Water 

Field measurements of the pond water (temperature, conductivity, 
oxidationh-eduction potential) did not show significant variation with depth. The lack of 



an observed thermocline suggests that the tracer would become well mixed in a period of 
time that is short compared to the infiltration rate. Loss of tracer in the surface water 
occurs by recharge to the aquifer and by difision at the water/air interface. This latter 
process is the main disadvantage of using dissolved noble gas tracers in surface water 
bodies, i.e., the amount of tracer that is lost at the waterjair interface in the surface water 
may not be well known. (A more robust experiment would involve introduction of the 
tracer at injection wells in the saturated zone.) 

the pond showed that thorough lateral mixing did take place (Figure 4), the samples from 
different depths in both ponds showed wide variation. Throughout the course of 
monitoring surface water concentrations, deeper samples had higher concentrations of 
tracer than shallow samples. The very slow loss of tracer, over the six week period of 
observation after the first tracer introduction, was also unexpected. We postulate that the 
pond recharge is controlled not by hydrologic parameters, but rather by characteristics of 
the pond sediments, and that the variability in recharge through the walls of the ponds 
results in the stratification observed in tracer concentration. 

monitoring well levels or with the head differential between surface water and 
groundwater. Moreover, percolation rates were not related to wellfield pumping, 
although water levels recorded at monitoring wells within only several meters of the 
ponds did fluctuate in response to umping. The rate of percolation correlated weakly 
with surface water levels alone (R = 0.2), and more (R2 = O S )  with the rate of surface 
water inflow to the ponds. These correlations and the observed large difference between 
surface water levels and water levels in nearby monitoring wells, suggest that there is 
relatively insignificant groundwater seepage through the pit bottom or through the deep 
portions of pit sidewalls, which are in direct contact with groundwater. There is a 
substantial component of the pond water column that is above groundwater levels, and 
seepage is evidently more appreciable above the groundwater level. More specifically, 
we postulate that when surface water is diverted into the pond, it percolates fastest 
through the portion of the sidewall surface that was above the pond level (and exposed to 
air and sunlight) just prior to the inflow event. 

It appears that shallow pit wall permeability, therefore, is both a depth-dependent 
and time-dependent phenomenon in these recharge ponds. We postulate that 
submergence enables deposition of fine sediment or a biofilm to develop on the sidewall 
surface inside the pond, reducing permeability in the process. But after the water level 
drops and the previously submerged part of the wall is dried and exposed to sunlight, the 
biofilm may break up and/or fine-grain sediment may dry and crack, restoring wall 
permeability to some degree (e.g., Warner et al., 1994). 

At depths where the wall is always submerged, permeability is likely to be 
maintained at a constant, low value. A grab sample of sediment from the bottom of 
Bunting pond at a depth of about 20 feet had the following characteristics: sediments are 
very fine grained and very dark in color with a strong smell of reduced sulfur. Given that 
the waters in the ponds have dissolved oxygen levels close to saturation, one would not 
expect to see strongly reducing conditions in sediments where oxygenated waters were 
percolating. These observations provide W h e r  evidence that percolation is minimal in 
deeper parts of the ponds. 

While measurements from samples from the same depth at different locations in 

Rates of percolation from the AHF ponds did not correlate significantly with 
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The release of tracer from the pond to groundwater may therefore be controlled 
by diffbsion of tracer from the hypolimnion to the epilimnion, assuming that all flux to 
groundwater occurs &om the epilimnion. In other words, in this engineered system, in 
which water is delivered at irregular intervals via large diameter pipes, the ponds are not 
completely mixed, and surface water entering them short-circuits through the epilimnion 
en-route to infiltration to groundwater, without mixing with deeper pond water. Along 
the way, the water fluxing through the epilimnion picks up small amounts of tracer 
diffusing upward to the shallow, low concentration zone. This explains the observation 
that tracer concentrations are higher in the deeper parts of the lake than in the shallower 
parts. Although examination of surface water dynamics was not one of the goals of this 
tracer experiment, variable recharge in heterogeneous sediments is inferred from the 
observed tracer distribution. 

Tracer in Groundwater 

Tracer elution curves for several monitoring and production wells are shown in 
Figures 5 and 6. Determination of the initial tracer concentration, CO, is complicated by 
the issues discussed above, regarding the spatial and temporal variability in recharge 
through the sides of the ponds. One monitoring well (21L08 in Figure 4), adjacent to 
Kaiser Pond had a maximum '36Xe tracer concentration that closely matched the 
maximum concentration observed in the shallow section of the pond. That value was 
chosen for CO for I3'Xe tracer. Likewise, the maximum value observed for the shallow 
water 'curve' for 124Xe tracer in B Pond is used as the value for the initial concentration 
for the curves in Figure 6. Table 1 gives arrival times for the leading edge and center of 
mass of the tracer for the wells where tracer was detected. Flow rates shown in Table 1 
are simple v d t  calculations, with distance measured from a map made with Global 
Positioning System locations for wells and surface water bodies. 

short travel time for a small fraction of the water pumped at some of the production 
wells, 2) the wide differences in tracer curve shapes, including the lengths of the tails for 
wells in close proximity to each other, and 3) the low tracer concentrations observed at 
nearly all the wells. Two of the production wells, in the middle of the wellfield, 
intercepted both Xe tracers. 

The short travel time (60 to 300 days) to the production wells indicates a 
maximum velocity of approximately 6 &day (Table 1). This value does not represent 
the velocity of the center of mass, but rather is the rate of travel for that portion of the 
surface water with detectable tracer that reaches the wells fastest. Travel times for the 
tracer peaks are also reported in Table 1. Mean, integrated travel times, based on the 
water age fi-om the tr i t i~m-~He age dates, are about 10 times lower, or 0.5 &day. 

wells) over the first sixty days of the tracer study, the fast arrival was somewhat 
unexpected. Compared to groundwater velocities determined at the well-studied Cape 
Cod, Massachusetts (LeBlanc et al., 1991) and Borden, Ontario sites (MacFarlane et al., 
1983), which were 5-90 m/yr and 180-440 m/yr respectively, the horizontal velocity 
measured here is 5 to 25 times greater. A combination of high permeability sediments, 
heterogeneous sediments with high hydraulic conductivity layers, and a high degree of 

The most striking features of the tracer curves and travel times are 1) the very 

Given the low gradient (.0015), and low pumping volume ( 2 ~ 1 0 ~  L for AHF 



horizontal dispersivity leads to the observed high velocity for a small fraction of the 
groundwater. Tracer results from the BHF sub-basin, where confined aquifers are 
separated by clay aquicludes, showed slower water movement, with no tracer detections 
in the production wellfield in that sub-basin over an 18 month period. 

water flow will reach water supply wells quickly, before remediation methods are in 
place. Furthermore, (de-activation of viruses may require longer time periods in the 
subsurface (Gerba, 1999) than the travel time observed here. 

Because of limitations in sampling points (spatial and temporal availability, and 
long well screens), one cannot make robust estimates of the mass distribution in the tracer 
plume, of the dilution index, or of second moments (from which dispersion coefficients 
are derived). However, some semi-quantitative estimates of the variation of flow velocity 
with depth, of dilution, and of dispersion can be made based on closer examination of the 
tracer curves. For instance, these data exemplify the utility of noble gas tracers for 
delineation of fast flow paths. Mass balance considerations rule out the possibility that a 
major portion of the groundwater flows at a rate of several meters per year. Wells that 
showed early tracer arrivals reaching the highest concentrations, are those with the 
shallowest sampling intervals (top-of-screens). Tracer was not detected at wells with the 
deepest top-of-screens. Furthermore, a drop in tracer levels occurs during times of high 
production and a rise occurs during times of low production (Figure 7), indicating that 
when water rises in the wellbore, a zone of higher tracer concentration is intercepted. 

These observations suggest that a zone of preferential flow is likely present at a 
shallow depth. In this unconfined aquifer, such a fast path may exist at or near the 
phreatic surface. In contrast to the very fast movement of the small volume of water 
containing tracer, groundwater ages measured by the T~itium-~Helium method give mean 
ages (residence times for water since recharge) in the AHF sub-basin of 3 to 9 years 
(Figure 2 and Table 1). Therefore, while the bulk of the water resides in the sub-basin for 
several years, a high conductivity layer near the water table likely provides a path for 
much faster transport for a small fraction of the artificially recharged water. 

This fast travel time indicates that contaminants that are not retarded relative to 

CONCLUSIONS 

Tracers enriched in different isotopes of Xenon have several properties that make them 
ideal for tagging relatively large volumes of water at facilities used for public drinking 
water supply. Dissolved noble gases behave conservatively in the saturated zone, there is 
no health risk to drinking water supplies, the sensitivity achieved during dilution with 
ambient groundwater is excellent, and multiple recharge sources can be traced in a single 
experiment. Results from a tracer experiment at a California water district suggest that 
infiltration through artificial recharge ponds is focused along the shallow walls of the 
ponds, which are relatively free of impermeable sediments. A small fraction of tracer 
moved from the ponds through the thick, unconfined, coarse-grained alluvial aquifer to 
high capacity production wells at a horizontal velocity of 6 dday .  In contrast, mean 
water residence times indicate that the average rate of transport is 0.5 to 1 &day. The 
results of this experiment show that enriched noble gas tracers can be used to delineate 
high conductivity ‘fast paths’ in heterogeneous media. 
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Figure 2. Schematic cross-section of the production wells showing screened intervals and 3 3  H- He ages 
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Table 1. Groundwater ages and tracer travel data 

136 Well 3H/3He Age Distance First Arrival Xe Tracer Travel Rate 
years m days (&day) 

Peak Arrival Tracer Peak Travel Rate 
days &day 

~~ 

37 1 1.5 
350 1.2 
175 2.3 

3.6 I 
3.6 I 

IMowrv2 I 31 I I I NIA I I 

12 1 LO5 I I 64 1 I 21 I I 3 .O 0.7 I 
12 1 LO6 I I 58 I I 21 I I 2.8 
12 1 LO7 I I 2 4  1 < 1  13 1 > I 1.8 
2 1 LO8 12 < 13 > 0.9 

124Xe Tracer Travel Rate 
(ddav) 

IPT- 1 9 I 168 I 3.5 I 
IPT-3 I I 552 I I 135 I I 4.1 I 203 I 2.7 I 
IPT-4 I 9 I 558 I I 203 I > I 2.7 I 203 I 2.7 I 
IPT-5 I 4 I 539 I < 1 196 I > I 2.8 I 260 I 2.1 I 
12 1 J03 I I 15 I I 13 1 1 1.2 I 105 I 0.1 I 
12 1 KO5 I 1 9 1  1 30 I I 0.3 I 84 I 0.1 I 
12 1 J27 I I 1 6 2  1 < 1  70 I > I 2.3 I 77 I 2.1 I 


